1976. -The characteristics of inorganic phosphate transport in isolated perfused proximal tubules of the rabbit were examined using radioisotopic techniques. When tubules were perfused with an ultrafiltrate of rabbit serum, the mean lumen-to-bath flux of phosphate in the convoluted segment was 6.60 + 1.41 (SE) pmol/mm l min with a simultaneous bath-to-lumen flux of 0.45 2 0.08. In the straight portion of the proximal tubule, the lumen-to-bath flux was significantly lower (P < 0.01) at 2.22 t 0.48 pmol/mm* min with a bath-to-lumen flux of 0.31 t 0.05. The lumen-to-bath flux was not affected by increases in the intraluminal phosphate concentration from 2.00 t 0.19 to 3.12 2 0.34 rnM or by the isohydric replacement of bicarbonate in the ambient fluids with chloride. However, phosphate absorption was completely inhibited by ouabain lo-" M in the bath. These data indicate that phosphate absorption in these segments occurs by a mechanism other than independent diffusion and is saturated at phosphate concentrations characteristic of normal glomerular filtrate.
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There is no evidence for significant phosphate transport from bath to lumen. fluid absorption; chloride; ouabain; pH THE RENAL HANDLING of phosphate has been examined previously by clearance (26), by stop flow (ZZ), and by various micropuncture techniques (l-6, 14, 21, 23, 25, 30, 36). However, as reviewed recently (17), a number of factors have been shown to affect the data emerging from these studies including diet (36), volume expansion (21), parathyroid status (1-3, 6, 22), local and systemic pH (4, 26), method of phosphate determination (1, 2> , and site along the nephron (5, 23). Considering the number of variables involved and the interrelationship among some of them, it is not surprising that questions remain regarding the mechanism, the rate, and the location of phosphate transport. In this regard, the relatively direct approach to epithelial transport processes afforded by the isolated perfused tubule technique should be of benefit.
Accordingly, the purpose of the present studies was to provide an initial description of the characteristics of phosphate transport in the isolated perfused proximal tubule of the rabbit and to describe the relationship between phosphate absorption and fluid absorption. The results indicate that phosphate absorption in this system is the result of facilitated transport against a relatively high transepithelial permeability barrier and is completely inhibited by ouabain. In addition, net transport of phosphate occurs in the straight as well as in the convoluted portion of the proximal tubule. This system provides an additional useful approach to the study of factors intrinsic and extrinsic to the epithelium that affect phosphate transport.
METHODS
Segments of rabbit proximal tubules were isolated and perfused in vitro according to the techniques of Burg et al. (7) and as described below. Female New Zealand rabbits weighing 1.5-3 kg were maintained on rabbit chow containing 112 mmol phosphate per kilogram. Segments of proximal tubule were dissected in rabbit serum and were classified as pars convoluta (PCT) or pars recta (PR) on the basis of gross morphologic characteristics. Mean lengths were 1.20 t 0.04 (SE) and 1.75 t 0.10 mm for convoluted and straight portions, respectively. No specific effort was made to select either superficial or juxtamedullary nephrons. Tubules were perfused in a bathing medium of rabbit serum (Microbiological Associates, Inc., Bethesda, Md.) maintained at 37OC. Preliminary experiments demonstrated that bubbling of the bathing fluid in the chamber with 95% 02-5% CO, was inadequate to maintain a constant pH, and thus the bathing medium was preequilibrated in volumes of approximately 100 ml using a gas-mixing flowmeter (Matheson Gas Products, Morrow, Ga.). The pH and PCO~ in the bath were measured intermittently during each experiment and unless designated otherwise averaged 7.40 t 0.01 (SE) and 40.3 * 0.7 mmHg, respectively. In addition, the bathing medium was exchanged constantly at a rate of 0.2-0.4 ml/ min using a microperfusion pump (Lab-Line Instruments, Melrose Park, Ill.). This provided complete replacement of the bath every 5-10 min without any abrupt changes in temperature, osmolality, or pH.
The perfusion fluid was an ultrafiltrate of rabbit serum prepared by pressure dialysis at 4°C with an XM-50 membrane (Amicon Corp., Lexington, Mass.) and was prepared within 72-96 h of the experiment, since storage in the frozen state resulted in considerable variation in the concentrations of calcium and of phosphate. Pertinent features of the perfusion fluid included, in millimoles per liter: sodium 141.5 t 0.4, potassium 4.7 t 0.1, chloride 104.8 t 0.8, calcium 1.28 t 0.17, and inorganic phosphate 1.88 t 0.06. The bathing medium contained sodium 142.0 t 0.5, potassium 4.7 * 0.1, chloride 98.0 2 DENNIS, WOODHALL, AND ROBINSON 0.7, calcium 3.00 t 0.04, inorganic phosphate 2.23 t 0.02, and protein 5.8 g/100 ml, all values being normal for the rabbit (20). In addition, two variations of these fluids were obtained as follows: high phosphate fluids were made by adding a 300 mosM solution of sodium and potassium phosphate (3O:l molar ratio) which had been titrated to pH 7.4 to rabbit serum and then performing ultrafiltration as described above; low bicarbonate serum and ultrafiltrate were made by replacement of bicarbonate with chloride as described by Cardinal et al. (10). The rat e o pe f rf usion was controlled by varying the height of a column of fluid connected to the perfusion pipet, and collections were made using a constant-volume pipet of 60-110 nl. Changes in the composition of perfusion fluid were made by aspiration and flushing using polyethylene or stainless steel tubing introduced under direct vision to the base of the tip of the perfusion pipet. All perfusion fluids contained [ 1"51] Inc., Des Plaines, Ill.). Discriminators were set to give no greater than 0.5% crossover of lZsI into .3.3P and no greater than 1% crossover of .73P into the :j2P channel. Crossover of :jZP into ZijP was allowed to be approximately 20% in order to improve 33P efficiency, but under experimental conditions the mixing of these two isotopes was so low that this contribution was much less than 0.5% of the ;j:jP counts. Regardless, percent crossovers were determined in each experiment using standard solutions and appropriate adjustments were made. Quenching was monitored by external standard ratio. Gamma counting of Y-iothalamate excluded both :jtrP and :j:jP activity.
where Ci* and Co* refer to '{"PO, concentrations in the perfusion and collected fluids. This form of the equation assumes that the reflection coefficient for phosphate is 1 (28).
Net phosphate flux was measured as the difference between J&, and Jii,,. Net fluid absorption (Jv; nl/ mm* min) was calculated according to the standard equation (15) .
At the conclusion of every experiment, ouabain was added to the bath to a final concentration of 10 -e5 M. Under these conditions no net fluid absorption occurs (8, 10, 29), and ideally the ratio of In51 concentration in the collected fluid to that in the perfusion fluid should be unity. In practice, studies were rejected if the mean of two determinations was less than 0.980 or greater than 1.030. The average value for the present studies was 1.001 t 0.003 (SE). 
(4)
Tubules were exposed to isotope-containing fluids for at least 30 min prior to collecting samples, and it is assumed that during this period equilibration occurs within any epithelial compartments.
The lumen-to-bath flux of :{:jP04 was calculated as the difference between the amount perfused and the amount collected according to the balance equation The unidirectional fluxes of inorganic phosphate from lumen to bath and from bath to lumen were determined simultaneously by measuring "3P0, efflux from the lumen and 32P0, influx from the bath and according to equations 1 and2. During perfusion with isosmolal ultrafiltrate of rabbit serum, the mean lumen-to-bath flux of phosphate for the convoluted segments was 6.60 k 1.41 pmol/ mm. min with corresponding bath-to-lumen fluxes averaging 0.45 + 0.08. For the pars recta, Jb& was significantly lower (2.22 rt 0.48 pmol/mm*min; P < O.Ol), although the bath-to-lumen fluxes were not different in the two segments. Clearly, net flux of phosphate, estimated as the difference between J& and J$,,, occurred in both segments and represented 0.93 and 0.86 times the lumen-to-bath flux in the convoluted and straight portions, respectively.
Fluid absorption and phosphate transport.
In a more extensive series of studies, J$, averaged 5.98 k 0.70 pmol/mm .min in 32 convoluted tubules and 2.45 rt 0.32 pmol/mm * min in 14 straight segments. J, averaged 1.12 -+ 0.07 nl/mm * min in the convoluted segments and 0.61 rt 0.04 nl/mm*min in the straight tubules. As shown in Fig. 1 , no correlation could be demonstrated between the rate at which an individual convoluted segment transported phosphate and its ability to absorb volume.
It has been demonstrated in vivo (34) and in vitro (10) that an additional feature of fluid absorption in the proximal tubule is an increase in intraluminal chloride concentration (A [Cl-]). This phenomenon suggests preferential absorption of bicarbonate by the proximal tubule, and the degree of change has been related to the dynamics of hydrogen ion secretion (35). Since it has been suggested that acidification of the intraluminal fluid is causally related to phosphate absorption (4), it seemed appropriate to consider the relationship between J& and AlCl-] (Fig. 2) . In 16 convo- The possibility that the outward orientation of net phosphate transport was related to simultaneously occurring fluid absorption was examined using ouabain or raffnose to minimize Jv. In the presence of ouabain lo-" M in the bath, net fluid absorption was reduced from 1.02 + 0.13 to 0.13 + 0.08 nl/mm.min with a simultaneous decrease in J&, from 6.60 + 1.41 to 0.35 + 0.10 pmol/mm * min, a value that is not significantly different from JFb, (Tables 1 and 2 ). Thus, ouabain completely inhibited net phosphate transport. However, when Jv was reduced to -0.03 rf-0.21 m/mm. min by adding poorly absorbable raffnose to the perfusate, J& was not different from control conditions. Thus, the absence of net fluid absorption per se was not sufficient to eliminate net phosphate transport, and the inhibition of phosphate absorption by ouabain may therefore be attributed to direct effects on epithelial transport processes rather than indirectly to the reduc-DENNIS, WOODHALL, AND ROBINSON phate absorption were examined by selective changes in both perfusion rate and perfusion fluid phosphate concentration.
The results obtained in eight convoluted segments perfused with ultrafiltrate at different rates for at least three collection periods are shown in Fig. 5 and indicate no effect on Jb& when perfusion rates were varied over the range from 10 to 40 nl/min. There was, however, some tendency toward lower phosphate absorption rates when fluid delivery was less than 10 nl/min. A similar phenomenon has been observed for transepithelial potential difference (19). The effects of changes in the phosphate concentration of the perfusate were examined in paired observations on seven convoluted tubules. The order of change from higher or lower concentration was varied. As shown in Table 3 of the rabbit serum used as the bathing medium. P, the probability estimated from paired-t test analysis. NS, P > 0.05. n = 4. tion in Jv. It is of some additional interest that ouabain also eliminated the increase in intraluminal chloride concentration.
Permeability coefficient for inorganic phosphate. As seen in Tables 1 and 2 , ouabain and raffinose had no measurable effect on the bath-to-lumen flux of phosphate. Likewise, in the presence of ouabain, P&, the flux constant for the lumen-to-bath transport of phosphate, was equal to P&, . Collectively, these data suggest that P&, represents the transepithelial diffusional permeability coefficient for phosphate. The mean value of 0.54 + 0.10 x lops cm/s is lower than any other permeability coefficient reported for this system (15, 29, 311, with the possible exception of sucrose (15), and is approximately 10 times lower than the permeability coefficient for sodium (18). In addition, P&, as determined in the present studies may be considered as a maximal value because the contribution of leakage at the pipets, for instance, was not evaluated.
Effects of changes in PH. During preliminary experiments it was observed that exact regulation of the pH of the bathing medium was difficult to achieve by random bubbling of the serum in the chamber, and the possibility existed that variation in ambient pH was contributing to the range of values observed for Jb&, among different tubules. Accordingly, in a series of six convoluted tubules, the pH of the bathing medium was changed by varying the PcoB over the range of 5-100 mmHg in the presence of normal bicarbonate and PO, greater than 100 mmHg. The effects of these changes on Jv and on J#,, are shown in Figs. 3 and 4 in which each line represents the series of observations made in a single tubule. Several points are worth noting. First, changes in the pH of the bathing medium over a range of 6.0-8.0 were associated with changes in both Jv and Jb& with tendencies toward lower values at the extremes of pH studied; second, values for both fluid absorption and phosphate absorption were relatively level between pH 7.3 and 7.5, the range achieved in the present studies; third, at the highest pH observed, Jv appears to be reduced more severely than J&,. Thus, these studies indicate that the maintenance of a physiologic pH in the bathing medium is an important factor in net absorption measurements in the isolated perfused proximal tubule.
Effects of changes in phosphate delivery. The effects of changes in intraluminal phosphate delivery on phos- (Table 4 ). The pH of these fluids was maintained at 7.3-7.5 by equilibration with 100% 0, rather than CO, (10). While not eliminating bicarbonate totally, this maneuver effected a 30-fold increase in the relative concentration of phosphate over bicarbonate. During perfusion with the normal bicarbonate fluids, J$, averaged 6.99 t 1.05 pmol/mm l min in these tubules and was 6.61 2 1.18 pmol/mm l min during perfusion with the low bicarbonate media. The mean paired difference was 0.50 t 0.31 and is not significantly different from zero. DISCUSSION These data indicate that net transport of phosphate occurs in isolated segments of the rabbit proximal tubule perfused in vitro by a process other than independent diffusion, that the absorptive process is saturated at phosphate concentrations characteristic of normal glomerular filtrate (14, 23), and that net transport of phosphate occurs in the pars recta as well as in the pars convoluta.
Furthermore, it appears that the backflux of phosphate from bath to lumen is limited to
The rate of phosphate absorption in the proximal convoluted segments is clearly limited by the transport capacity of the epithelium rather than by the delivery rate, since the lumen-to-bath flux did not change when the intraluminal phosphate concentration was increased from 2.00 t 0.19 to 3.12 t 0.24 mM or when perfusion rates were varied. In addition, since the phosphate concentration in glomerular filtrate, with some variation (14, 23), has been measured to be 0.93 t 0.05 times that of plasma (14), it would appear that this limitation also obtains in vivo at least in the early portion of the proximal tubule. diffusion across a relatively high permeability barrier, and thus net transport is the result of an essentially unidirectional process. Phosphate absorption by the pars recta has not been measured previously, although its presence has been predicted (3,6,25). The lower rate of phosphate absorption in this segment is consistent with the reduced rates for glucose (31). volume (8). and unidirectional LeGrimellec (25) using in vivo microperfusion methods in the rat. These authors estimated J$, in the accessible portion of the proximal tubule to be 5.57 t 4.1 pmol/mm l min when the perfusion fluid contained 2.05 t 0.33 mM phosphate. In comparison, the present estimate of 5.98 _ + 0 70 pmol/mm emin for the convoluted segment is remarkably similar. Also in agreement with Murayama et al., the present data indicate essential equality between the unidirectional flux of phosphate from lumen to bath and net phosphate transfer. Additional studies in the rat by Kuntziger, Amiel, and Gaudebout (21) 
